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r NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RE9EARCH MEMORANDUM 

for the  

A i r  Materiel Command, Army A i r  Forces 

PERI?ORMANCE IIYYESTIGAfPION OF A JUMO 004 COMBUSTOR 

By Robert C. Miller 

EmmAEiY 

A German Jwno 004 combustor wag investigated under conditions 
simulating zero-rasn o?eration of a 24C jet-propulsion engine over 
ranges of a l t i t ude  and engine speed t o  obtain the a l t i t ude  oper- 
a t i n g  l i m i t s  and character is t ics  of the German combustor. The 
combustfon efficiency, outlet-temperature dis t r ibut ion,  and t o t a l -  
pressure drop were determined. 
of the combustor with 62-octane (AN-F-22) and JP-1 (AN-F-32) fue l s  
was made. 

A comparison of the  performance 

The combustor was found t o  be alt i tude-limited at approxi- 
mately 27,000 f e e t  an& 45,000 f e e t  at  low (5000 rpm) arid high 
(21,000 rpm) simulated engine s-peeds, respectively, with 62-octane 
f u e l  and at a l t i tudes  of 22,000 f e e t  and 47,000 f ee t ,  respectlvely, 
w i t h  JY-1 fue l .  Local maximum and minimum values of combustor- 
temperature r i s e  were about 30 percent higher and 10 percent lower, 
respectively, than the average combustor-temperature rise, 
o r  no resonant combustion was present at any of the operating 
conditions investigated. In the operating region approximately 
15,000 f e e t  below the  a l t i t ude  l i m i t  curve, combustion efficiency 
was 80 percent o r  greater; whereas combustion eff ic iencies  
approximately SO00 f e e t  below the  a l t i t ude  operational l i m i t s  
varied from about 80 t o  45 percent. 
drop varied from about 2 t o  6 percent of the i n l e t  t o t a l  pressure, 
with the lower percentage pressure drops occurring at the  lower 
simulated engine speeds. 

L i t t l e  

The combustor total-pressure 

ExFerimental r e su l t s  a l so  show tha t  combustor-temperature 
r i s e  f o r  a given fue l - a i r  ra t io :  
increasing in l e t - a i r  t o t a l  pressure; (b) increased with increasing 
i n l e t - a i r  temperature; and (0 )  decreased with increasing in l e t - a i r  
velocity. 
t he  combustor was appment. 

(a) i n  general incremed w i t h  

A f t e r  66 hours of combustion operation, no warping of 

. 
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INTRODUCTION p" 

/ 

As p a r t  of a program requested by the A i r  Materiel Command, 
Army A i r  Forces, t o  determine the e f fec t  of design on performance 
of turbojet-engine combustors, an investigation was  made at the  
NACA Cleveland laboratory w i t h  one of six chambers of the same 
design that comprise the combustor section of the German manufac- 
tured J u o  004 turbojet  engine. 

Because combustor performance data are d i f f i c u l t  t o  obtain 
from the  complete engine assembly, the combustor was tes ted inde- 
pendently of the compressor and gas turbine. 
manner of t e s t ing  makes it possible t o  study more conveniently the 
problems of combustion under various oimulated engine operating 
conditions. 

This simplified 

Altitude operational l i m i t s  and combustion eff ic iencies  were 
determined f o r  a range of simulated a l t i tudes  and engine speeds 
using the operating conditiom of a 24C turbojet  engine inasmuch 
as  t h i s  information on the Jumo 004 turbojet  engine was unknown at 
the t l m e  of th ia  investigation. I n  addition, the var ia t ion of 
cornbustion efficiency w i t h  fue l - a i r  ra t io ,  the combustor t o t a l -  
pressure drop, outlet-temperature distribution, and the e f fec ts  
of independently varying combustor i n l e t - a i r  temperature, pressure, 
and velocity were investigated. These data were desired i n  order 
t o  evaluate par t ly  the current s t a t e  of development of combustion 
chambers f o r  a i r c r a f t  gas turbines and turbojet  engines. 

APPARflTUS 

Combust o r  

A diagrammatic sketch of the  Jwco 004 t e s t  setup showing the 
combustor and auxiliary ducting is shown i n  figure 1, Three 
quartz observation windows were ins ta l led  i n  the combustor and 
adjacent ducting t o  permit axial and radial views of combustion. 
A s e r i e s  of photographs of the Jmo 004 combus%or showing sequence 
of the assembly of the outer she l l ,  the flame tube, the fue l -  
inject ion nozzle, and the l i n e r  a re  shown i n  f igu re  2(a). Several 
views of the flame tube are presented i n  f igures  2(b) t o  2(d) .  
Figure 2 a l so  shows the general construction of t he  combustor 
including the  i n l e t  -air awirl  vanes ( s w i r l ,  approximately 60') and 
the  respective locat iom of the  fuel- inject ion nozzle and spark 
plug ( f i w .  2(c) and 2(b), respectively). 
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Combustor i n l e t ,  A 

Combustor out le t ,  B 

Discharge, C 

The l i n e r  and flame tube are constructed from 20-gage mild 
Both a re  protected by an aluminum-oxide coating (refer-  s t e e l .  

ence 1) with the exception of the upstream halfof t he  flame tube, 
The fuel- inject ion nozzle is a centrifugal,  hollow-cone spray 
type (spray angle, 60'; delivery, 185 l b  of AM-F-22 
100 lb/sq in .  pressure), which sprays the f u e l  upstream. 
away assembly drawing of t he  combustor i l l u s t r a t i n g  the  general 
air-flow pat tern is shown i n  f igure  3. 

A cut- 

probes pres sur  e 
or i f  ices 

3 4 2 

24 12  4 

6 0 0 

Instrument a t  ion 

Temperature- and pressure-measuring instruments were located 
at three  sections, A, B, and C, as indicated in figme 4. The 
number and type of instruments at each sect ionarepresented i n  
the  following table: 

Instrument at ion Number of instruments 
sec t  ion l z 6 o c o u p l e s  1 Totarpressure 1 Wall s t a t i c -  

Performance data supplied by the manufacturer of the 24C turbo- 
j e t  engine were used t o  determine combustor-inlet and combustor- 
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out le t  conditions required t o  simulate zero-ram operation of the 
Jwno 004 combustor, inasmuch as t h i s  information on the Jumo 004 
turbo jet engine was not available at the time of t h i s  investigation, 
A i r  w e i g h t  flow per uni t  area through the maximum cross-sectional 
area of the  Jumo 004 combustor w a s  f ixed as equivalent t o  the  air 
weight flow per uni t  area through the  maximum cross-sectional area 
of the 24C combustor. The inlet-air conditions of t o t a l  pressure, 
temperature, and weight f l o w  and the required combustor-outlet gag 
temperatures as a e t  up f o r  the  Jumo 004 combustor investigation 
are presented i n  f igure  5 f o r  simulated ranges of a l t i t ude  (0  t o  
50,000 f t )  and engine.speed (4000 t o  12,000 rpm) . 

I n  general, the ignit ion of the fue l - a i r  mixture by the  
Jumo 004 spark plug was obtafned at  the following approximate 
conditions: (a) air  flow, 0.60 pounds per second; (b) i n l e t  t o t a l  
pressure, 29 inches mercury abso'lute; and (c )  f u e l  flow, 35 pounds 
per hour. After ignition, a l l  operating points were approached by 
s e t t i n g  the in l e t - a i r  temperature, increasing the  a i r  flow t o  the  
desired value, and adjusting the f u e l  flow t o  give the required 
combustor-temperature r i s e .  I n l e t  t o t a l  pressure, i n  general, was 
i n i t i a l l y  higher than required and was reduced. 

The a l t i t ude  operational limits of the engine as imposed by 
the combustor were established by operating the combustor at 
i n l e t - a i r  conditions simulating zero-ram operation over a range of 
a l t i tudes  and engine speeds. For each simulated altitude-engine 
speed condition, the  f u e l  flow was varied through a wide range i n  
an attempt t o  obtain the combustor-temperature r i s e  required for 
engine operation at the simulated f l ight  conditions. 
required tem>erature rise could be obtained, the simulated flight 
conditiofis were considered t o  be within the  operable range of the  
engine; if the required temperature rise was not obtainable, the  
f l igh t  conditions were considered t o  be in  the inoperable range. 

If the 

Combustion efficiency (defined as the r a t i o  of measured 
temperature rise t o  the theoret ical  temperature r i s e  aa obtained 
from reference 3)  was determined f o r  a l l  oyerating points inves- 
t igated.  
engine speed and a l t i t ude  were recorded only when the combustor- 
ou t l e t  temperature w a s  set  at  the required value f o r  this  engine 
condition or  not more than 20' F higher. A l l  the runs were made 
w i n g  62-octane gasoline (AN-F-22) ; however, a l t i t ude  operational 
limits were a l so  determined using JP-3 (AN-F-32) fue l .  

Data f o r  the combustion efficiency at a given sinulated 

The sens i t i v i ty  
i n l e t - a i r  parameters 

of the Jumo 004 combustor t o  variations i n  the 
of t o t a l  pressure, temperature, and velocity 

h.' 

iv 
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was determined by holding two of the parameters comtant  f o r  any 
t e s t  and independently varying the  other. I n  general f o r  each B e t  
of combwtor-inlet conditions, the fue l - a i r  r a t i o  w a s  varied t o  
t h e  limits of coinbustion. The quantity presented as the in l e t - a i r  
veloci ty  waa computed from the mass flow of air, the maximum cross- 
sect ional  area of the  combustor, and the  density of the  air at the 
combustor i n l e t ;  i n l e t - a i r  dynamic pressure was computed from the 
inlet  velocity as jus t  defined and the i n l e t  density. 
s ion  of i n l e t  velocity m d  dynamic pressure wa5 used i n  order t o  
f a c i l i t a t e  comparison of t h i s  combustor with other turbojet-engine 
combustion chambers. 
5 percent. 

This expres- 

Data were found t o  be reproducible within 

RESULTS AWD DISCUSSION 

Altitude Operational L imi t s  

The altitude-operational-limit curve f o r  AN-F-22 f u e l  is 
presented i n  figure 6 i n  a plot with a l t i t ude  and engine speed 
as coordinates. This c-mve separates the  region where the 
required combustor-outlet gas temperatures were obtainable from 
t h e  region where the  required combustor-outlet temperatures were 
not obtainable f o r  t he  steady zero-ram operation of the turbojet  I 

engine. The a l t i t ude  l i m i t s  f o r  the combustor were approximately 
27,000 and 45,000 f e e t  a t  simulated engine speeds of 5000 and 
11,000 rpm, respectively. 
a t  each operable point and three l ines  of constant combustion 
efficiency (70, 80, and 85 percent) obtained by interpolating 
between the data points a re  included i n  f igure 6. The a l t i t ude  
operational l i m i t s  determined f o r  AN-F-32 f u e l  are presented i n  
f igure  7 with the  altitude-operational-limit curire of f igure  6 
shown f o r  comparison. 
case at approximately 22,000 and 47,000 f e e t  at simulated engine 
speeds of 5000 and 11,000 rpm, respectively. 

A tabulation of combustion efficiency 

The a l t i t ude  l i m i t  was  reached in t h i s  

Combustion Wficiency 

The combustion-efficiency data presented i n  f igure  6 show 
t h a t  the l i nes  of constant combustion efficiency have the  sane 
general shape as the curve of the  a l t i t ude  operational l i m i t a ;  
however, at  t he  low engine speeds the spread between the l ines  
shown is s l igh t ly  larger  than tha t  a t  the  high engine speeds. 
A t  operating points approximately 15,000 f e e t  below the a l t i -  
tude operational-limit curve, values of combustion efficiency 
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of 80 percent or greater  are indicated; whereas, at  conditions i2u 

5000 f e e t  below the altitude-operational-limit curve, combustion 
eff ic iencies  ranging from about 45 t o  80 percent are  shown. 

Typical variations of combustion efficiency with fue l - a i r  
r a t i o  are presented In f igure  8 f o r  two operating conditions 
(15,000 f t ,  6,000 rpm; and 35,000 f t ,  11,000 rpm) , 
sane two operating points are presented i n  figure 9 t o  show the 
var ia t ion  of combustor-temperature rise with f u e l - a i r  r a t i o .  
general combustion efficiency decreased with fue l - a i r  r a t i o  
( f ig .  8) and combustor-temperature r i s e  increased with fue l - a i r  
r a t i o  ( f ig .  9 ) .  The decrease i n  cornbustion efficiency with fue l -  
stir r a t i o  was greater at a l t i tudes  approaching the  operational 
l i m i t s  and as a r e su l t  a peak value of coznbustor-temperature rise 
was generally obtained as fue l - a i r  r a t i o  was  increased a t  a l t i -  
tudes near the operational l i m i t s ,  as w i l l  be shown l a t e r .  

Data f o r  the  

I n  

Effect of Varying In l e t  Parameters 

The resu l t s  of independently varying the  i n l e t - a i r  conditions 

The following reference i n l e t + a i r  conditions 
t o  determine their  e f fec t  on combustor-temperature r i s e  a re  pre- 
sented i n  f igure  10. 
were used: t o t a l  pressure, 13.9 inches of mercury absolute; t e m -  
perature, 59’ ~j and velocity, 202 f e e t  per second. These condi- 
t ions  simulate an engine speed of 7000 rpm and an a l t i tude  of 
35,000 fee t ,  which l i e s  close t o  the altitude-operational-limit 
curve. 

A plot of combustor-temperature r i s e  against fue l - a i r  r a t i o  

The general trend of the 
f o r  i n l e t - a i r  t o t a l  pressures of 13.0 t o  18.0 inches of mercury 
absolute is  presented i n  f igure  l O ( a ) .  
da ta  shows tha t  at a given fue l - a i r  r a t i o  the combustor-temperature 
r ise increases w i t h  increasing in l e t - a i r  t o t a l  pressure; however, 
the data at an i n l e t  pressure of 13.9 inches of mercury disagree 
w i t h  t h i s  general trend. 
t rend is within the  l i m i t s  of experimental accuracy because a 
r e l a t ive ly  small temperature range is covered by the  data and the 
operational character is t ics  at  the reference operating conditiorm 
were poor. I n  previous work ( fo r  example, reference 4), it has 
been shown that at a given fue l - a i r  r a t i o  combustor-temperature 
r ise increases w i t h  increasing pressure. 
temperature r i s e  was  obtained between fue l -a i r  r a t i o s  of approxi- 
mately 0.010 and 0.013 f o r  a l l  pressures. 

It is possible that t h i s  reversal  i n  

The maximum combustor- 

The var ia t ion of combustor-temperature rise with f ue l -a i r  
r a t i o  is shown i n  f igure  10(b) f o r  i n l e t - a i r  temperatures ranging 

. ’  ’ ,.‘J 
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from 0' t o  190' F. 
resulted i n  an increased combustor-temperature rise, 
combustor-temperature rise was obtained i n  the range of fue l - a i r  
r a t i o s  from 0.012 t o  0.018. 

In every case, increasing i n l e t - a i r  temperatwe 
Maximum 

Combustor-temperature rise f o r  i n l e t - a i r  veloci t ies  of 164 
t o  227 f e e t  per second was determined f o r  a range of fue l -a i r  
r a t io s .  
decreased with increasing i n l e t - a i r  velocity f o r  any given constant 
fue l - a i r  r a t io .  Maximum combustor-temperature r i s e  w a s  obtained i n  
t h e  range of fue l - a i r  r a t i o  from 0.012 t o  0.013 f o r  the range of 
i n l e t - a i r  veloci t ies  shown i n  f igure  lO(c), 
increased optimum fue l - a i r  r a t i o  with decreased i n l e t - a i r  velocity 
t s  noted; based on investigations of other com'bustors (reference 4, 
f o r  example), it is probable that  as i n l e t - a i r  velocity fur ther  
decreases the  peak combustor-temperature rise w i l l  s h i f t  t o  higher 
f ue l -a i r  r a t io s  . 

As presented i n  f igure  lO(c), combustor-temperature r i s e  

A small trend toward 

Temperature Distribution 

The temperature d is t r ibu t ion  at the combustor ou t le t  (sec- 
t i o n  B )  is ahown f o r  two operating points, 7000 rpm and 35,000 f e e t  
( f ig .  ll(s)) and 11,000 rpm and 35,000 f e e t  ( f ig .  l l ( b ) ) .  
temperature dis t r ibut ions are typica l  f o r  both 62-octane (AN-F-22) 
and SP-1 (AN-F-32) fue ls  in  that temperatures measured near the  
outer w a l l  and the center of the combustor-outlet sect ion (sec- 
t i o n  B )  were lower than temperatures recorded between these r ad ia l  
sections.  This temperature pat tern is probably a resu l t  o f  the 
method of cooling the outer she l l  w i t h  a portion of i n l e t  air  and 
by the mixing baffle at  the downstream end of the .flame tube. (See 
f i g .  3 , )  Local maximum and minimum values of combustor-temperature 
rise were about 30 percent higher and 10 percent lower, respec- 
t ive ly ,  than the average combustor-temperature r i s e  f o r  a l l  points. 

These 

General Operating Characterist ics 

When 62-octane f u e l  was used at  a l t i tudes  above the operating 
limits, combustor-temperature rise increased continuously w i t h  an 
increase in fue l - a i r  r a t i o  u n t i l  the  flames were extinguished, but 
blow-out occurred before the  required combustor-outlet temperature 
was reached. 
maximum combustor-outlet temperature below that required was 
obtained w i t h  an increase i n  fue l - a i r  r a t i o  before blow-out 
occurred, For the al t i tude-l imit  runs w i t h  Jp-1 fuel ,  it was 
found necessary t o  ign i te  the combustor w i t h  62-octane f u e l  t o  

When JS?-1 f u e l  w a s  used, f l i cker ing  burning and a 
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obtain sa t i s fac tory  ignit ion.  Carbon fomnation waa negligible with 
62-octane gasoline. 
spark plug required frequent cleaning and carbon deposits were evi-  
dent in  the  upstream end of the  flame tube, 
intensified f l icker ing  of the flames at the  upstrean end of the 
flame tube waa apparent before blow-out, which was the only indica- 
t i o n  of resonance. N o  appreciable afterburning was at any time 
encountered from sect ion B (combustor ou t l e t )  t o  section C (dis-  
charge section).  After 66 hours of combustion operation, no warp- 
ing of the flame tube or  l i n e r  WEEI detected and t h e  combustor was 
apparently i n  the  same condition as when ins ta l led .  

During the runs w i t h  JP-1 fue l ,  however, the 

For both fue l s  an 

Pressure Drop 

A combustor pressure-drop correlation is presented i n  f i g -  
ure  12 i n  t e r n  of the r a t i o  of combustor total-pressure drop t o  
i n l e t  dynamic pressure - against i n l e t  - tomoutlet  density 

r a t i o  pA/pB. The value of --- varied from about 10.5 at 

i so themal  conditions (pA/pB = 1) t o  roughly 13.0 during combustion 

(pA/pg = 2.4), 

ex i s t s .  The value of - obtained during combustion corre- 

sponds t o  pressure drops of from 2 t o  6 percent of the  i n l e t - t o t a l  
pressure w i t h  the lower percentage drops occurring i n  the low 
engine-speed range. 

@A-B 
4A 

¶A 

at which condition appreciable s c a t t e r  of the data # 

APA-B 
SA 

SUMMARY OF RESULTS 

From an investigation of the  Jumo 004 combustor under condi- 
t ions  of combustor i n l e t - a i r  pressure, temperature and velocity 
simulating zero-ram operation of the 24C turboget engine, the  
following resu l t s  were obtained: 

I. The operable range of the Jwno 004 combustor, as deter-  
mined by its a b i l i t y  t o  produce the temperature rise required by 
t h e  24C turbo jet reference engine, had maximum simulated a l t i tudes  
of 27,000 and 45,000 feet  at gimulated engine speeds of 5000 and 
11,000 rpm, reapectively, w i t h  62-octane fue l ,  
t i o n a l  limits w i t h  JP -1  f u e l  were 22,000 and 47,000 f e e t  at 
simulated engine s p e e b  of 5000 and 11,000 rpm, respectively. 

Altitude opera- 
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2. In  the operating region approximately 15,000 f e e t  below 
the  operational l i m i t s ,  the  average combustion efficiency was  
80 percent o r  greater.  This’efficiency varied from about 
45 percent at a l t i tudes  approximately 5000 feet  below the  
t ional limits. 

3. The maximm combustor-temperature r i s e  was at ta ined in  
the fue l -a i r - ra t io  range of 0.012 t o  0,015 f o r  most of the  oper- 
a t ing  points tes ted near the  a l t i t ude  operational l i m i t .  

4. Local maximum and minimum values of combustor-temperature 
rise were about 30 percent higher and 10 percent lower, respec- 
t ive ly ,  than the average combustor-temperature r i s e  f o r  a l l  
points tested.  

5. The combustor total-pressure drop varied from 2 t o  6 per- 
cent of the in l e t  t o t a l  pressure, with the lower percentage pres- 
sure  drops occurring at the  lower engine speeds. 

6.  Combustor-temperature r i s e  f o r  a given fue l - a i r  r a t io :  
(a) decreased with increasing in l e t - a i r  velocity; (b)  increased 
with increasing in le t -a i r  temperature; ( c )  i n  general increased 
with increasing i n l e t - a i r  t o t a l  pressure. 

7’. After 66 hours of combustion operation, no warping of the 
flame tube o r  l i ne r  was detected and the combustor was apparently 
i n  the  same condition as when ins ta l led .  

Fl ight  Propulsion Research Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Cleveland, Ohio. 

Robert C .  Miller, 
Mechanical Bglnecr  

Approved : 
Walter T .  Olson, 

Chemis t . 

Benjamin Pinkel, 
Physicist. 
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